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Abstract 
Many studies have shown that the dorsolateral prefrontal cortex (DLPFC) plays an important role in 
top-down cognitive control over intentional and deliberate behavior. However, recent studies have 
reported that DLPFC-mediated top-down control interferes with implicit forms of learning. Here we 
used continuous theta burst stimulation (cTBS) combined with electroencephalography (EEG) to 
investigate the causal role of DLPFC in implicit contextual memory-guided attention. We aimed to 
test whether transient disruption of the DLPFC would interfere with implicit learning performance 
and related electrical brain activity. We applied neuronavigation-guided cTBS to the DLPFC or to 
the vertex as a control region, prior to the performance of an implicit contextual learning task. We 
found that cTBS applied over the DLPFC improved significantly performance during implicit 
contextual learning. We also observed that beta-band (13-19 Hz) oscillatory power was reduced at 
fronto-central channels around 140 to 370 ms after visual stimulus onset in cTBS DLPFC compared 
with cTBS vertex. Taken together, our results provide evidence that the DLPFC-mediated top-down 
control interferes with contextual memory-guided attention and with beta-band oscillatory activity. 
 
Keywords: dorsolateral prefrontal cortex; implicit learning; contextual memory; memory-guided 
attention; beta oscillations; transcranial magnetic stimulation; electroencephalography.   
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Introduction 
Decades of research into the neurocognitive mechanisms of attention revealed that visual attention 
is fundamentally controlled by both exogenous (stimulus salience) and endogenous (internal goals 
and expectations) factors (Egeth and Yantis 1997; Shulman et al. 1999; Corbetta et al. 2000; 
Corbetta and Shulman 2002; Corbetta and Shulman 2011). Nevertheless, emerging evidence 
suggests that implicit and explicit memories also play an important role in guiding attention (Chun 
and Jiang 1998; Moores et al. 2003; Kristjánsson and Campana 2010; Stokes et al. 2012; 
Hutchinson and Turk-Browne 2012; Zhao et al. 2013). For instance, when subjects interact 
repeatedly with objects, which tend to co-vary with each other across space, contextual 
representations are spontaneously and unconsciously formed, and over time, those representations 
can be used to quickly direct the subjects’ attention to the expected location of relevant stimuli. 
Thus, contextual memory-guided attention can be considered as a powerful mechanism to simplify 
the external world and generate predictions. Despite the potential importance of contextual 
memory-guided attention in cognition, its neural mechanisms and how these mechanisms are 
influenced by top-down processing have received little attention. Implicit contextual memory-guided 
attention has been largely studied using the contextual cueing paradigm (Chun and Jiang 1998). In 
this paradigm, subjects are instructed to search for a target item (e.g., the letter T) embedded in a 
spatial array of distractors items (e.g., a set of the letter L). When the target is embedded in a 
repeated configuration of arrays, participants’ visual search has been shown to be faster compared 
to a novel configuration of arrays. In the first situation, the distractors items configure a visuo-spatial 
context that guides attention to the expected location of the target. Interestingly, participants do not 
explicitly recognize repeated configurations of arrays (Chun and Jiang 1998; Chun and Phelps 
1999). Contrary to the supposition that contextual cueing is invariant among individuals, there is 
evidence that between 30% to 40% of the individuals do not show the contextual cueing effect 
(Lleras and von Mühlenen 2004; Schlagbauer et al. 2012). Different cognitive search strategies 
could be the reason for the performance variation in contextual cueing. Lleras and von Mühlenen 
(2004) found that when participants were instructed to search actively for the target, by deliberately 
shifting their attention, the contextual cueing effect was disrupted. By way of contrast, the 
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contextual cueing effect was facilitated when participants adopt a passive search strategy. These 
findings suggest that voluntary cognitive control can interfere with implicit contextual memory-
guided attention. 
A substantial body of research indicates that cognitive control and the means to limit attention to 
goal-relevant information and suppress irrelevant distraction stem from a set of fronto-parietal 
regions, often called cognitive control network (Cole and Schneider 2007). Importantly, the 
dorsolateral prefrontal cortex (DLPFC), a region within the cognitive control network, has been 
specifically involved in exerting top-down cognitive control over intentional and deliberate behavior 
by suppressing automatic behaviors (Kübler et al. 2006; de Manzano et al. 2012). Therefore, it has 
been suggested that reducing cognitive control facilitates automatic behaviors and implicit forms of 
learning. Compelling evidence for the role of the DLPFC in implicit learning comes from a recent 
transcranial magnetic stimulation (TMS) study, which shows that inhibition of DLPFC function 
improved implicit recognition, suggesting that DLPFC-mediated explicit memory processes interfere 
with implicit recognition memory (Lee et al. 2013). Moreover, DLPFC inhibition and concomitant 
decrease in conscious self-monitoring and focused attention has been implicated in promoting 
implicit spontaneous associations (Limb and Braun 2008; Liu et al. 2012). In line with these 
findings, converging evidence from electroencephalographic (EEG) studies supports an important 
role of beta-band activity (BBA) in endogenous top-down cognitive control (Engel and Fries 2010). 
Interestingly, several studies indicate that task-related BBA predominates in paradigms that involve 
high cognitive control, whereas settings that require little or no cognitive control decrease BBA 
(Engel et al. 2001; Okazaki et al. 2008; Iversen et al. 2009; Engel and Fries 2010). Thus, reducing 
BBA could reflect low endogenous cognitive control.  
Here, we addressed the question whether DLPFC-mediated top-down control interferes with implicit 
contextual memory-guided attention. To examine this question, we used continuous theta-burst 
stimulation (cTBS) to transiently disrupt the function of DLPFC and measured the resulting effects 
on behavioral and oscillatory responses in an implicit contextual memory task. We hypothesized 
that disruption of the DLPFC function by cTBS would improve implicit memory performance and 
decrease beta-band oscillatory activity.   
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Material and methods 
Participants 
Twenty-one healthy subjects (11 females; range 19-33 years) with no history of neurological or 
mental disorder participated in the study. Right-handedness was verified using the Edinburgh 
Handedness Inventory (Oldfield 1971). The Ethics Committee of the Medical Faculty Mannheim of 
the University of Heidelberg approved the study and written informed consent was obtained from all 
persons before participation. 
 
Experimental procedure 
Participants initially underwent magnetic resonance imaging (MRI) in order to acquire an anatomical 
scan, which was used to individually define the DLPFC target. Then, the participants were invited to 
the laboratory for two separate sessions, both consisting of concurrent TMS and EEG recordings 
(1-week interval between the two sessions). In the one session, the participants received cTBS over 
the DLPFC, and in the other session they received cTBS over the Vertex. The order of stimulation 
sites (i.e. DLPFC versus Vertex) was counterbalanced across participants. Immediately after cTBS 
administration, the participants completed a version of the contextual cueing task (Chun and Jiang, 
1998). Finally, an explicit recognition test was carried out to assess awareness of the contextual 
displays. 
 
Task description: Laboratory experiment 
Repeated from above in the contextual cueing task, the subjects were encouraged to search a 
target item embedded in a spatial array of distractor items. The target was a T stimulus rotated 90 
degrees to the right or to the left. The distractor stimuli were  L-shapes presented randomly in one 
of four orientations (0°, 90°, 180°, 270°). Each display consisted of 12 items (a single target and 11 
distractors) randomly positioned in an invisible 8 × 6 matrix (37.2° × 28.3°). For repeated displays, 
the target appeared in the same location within an invariant configuration of distractors across 
blocks. For new displays, the distractor configurations were newly generated in each block. Visual 
stimuli were presented on a gray background in a 17-inch Viewsonic VG710b LCD monitor. 
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Participants were seated 50 cm in front of the computer monitor. Each trial consisted of a fixation 
cross presented during 0.5 sec, followed by a display presentation (for a maximum of 3 sec). This 
was then followed by a new gray background screen with variable duration intertrial-interval (ITI; 
range 0.5 – 1 sec) preceding the next trial. During the display presentation, the subjects pressed 
one of the two buttons (“C” or “M”) on a computer keyboard, corresponding to whether the bottom of 
the T was pointed to the right or to the left. An example of the trial sequence is shown in Fig. 1. 
Each subject performed 20 blocks (480 trials) of the search task with each block containing 24 
intermixed trials of 12 new and 12 repeated displays. There were rest periods of 10 sec between 
blocks.   
After block 20, the volunteers participated in an explicit recognition test in order to assess 
awareness of the contextual displays (Chun and Jiang, 1998). In this test, the 12 repeated displays 
used in the experimental session and 12 new displays were presented in random order. 
Participants were instructed to indicate whether each display presented was ‘‘repeated’’ or ‘‘new’’ by 
responding with one of two response buttons. The task was implemented in MATLAB (Math-Works, 
Natick, MA, USA) using the open-source Psychophysics toolbox 3 (Brainard 1997). 
-------------------------------------------------------------- 
Insert Figure 1 around here 
-------------------------------------------------------------- 
Magnetic Resonance Imaging 
Magnetic resonance imaging was performed with a 3T MAGNETOM Trio whole body scanner 
(Siemens Medical Solutions, Erlangen, Germany) equipped with a standard 12-channel head coil. 
T1-weighted high resolution images were acquired with a magnetization-prepared rapid gradient 
echo (MPRAGE) sequence [TR 2300 ms, TE 2.98 ms, field of view 240 x 256 mm2, 160 sagittal 
slices, voxel size 1.0 x 1.0 x 1.0 mm3, parallel imaging (GRAPPA) factor 2].  
 
 Determination of the TMS Sites from Magnetic Resonance Images 
The location of the  DLPFC target was chosen based on a previous study showing improvement in 
recognition accuracy after TMS applied over DLPFC using standard-space coordinates from the 
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Montreal Neurological Institute (MNI) brain (i.e. -43, 35, 30; Lee et al., 2013). For each participant, 
the DLPFC target coordinates were transformed into the participant’s native MRI space with the 
reversed MNI152 template-to-native transformation matrix employing FSL software. The 
individually-defined DLPFC coordinates were then used as a center to draw a 5mm-radius region-
of-interest, which was the TMS target. In addition, we also applied TMS over the vertex to control 
for nonspecific effects of TMS, such as acoustic and somatosensory artifacts. The vertex was 
defined anatomically by the intersection between a sagittal line form the nasion to the inion and a 
coronal line from the tragus of both ears.  
 
-------------------------------------------------------------- 
Insert Figure 2 around here 
-------------------------------------------------------------- 
 
Transcranial magnetic stimulation 
For each participant, we determined the resting motor threshold (MT), which is defined as the 
lowest stimulus intensity capable of eliciting a motor-evoked potential MEP > 50 μV in the relaxed 
abductor pollicis brevis (APB) in 5 of 10 consecutive trials at intervals > 5 s (Rothwell et al., 1999). 
TMS was delivered using a 75mm winding diameter figure-of-eight coil (MCF-B65) and a 
MagProX100 stimulator (MagProX100, MagVenture, Denmark). 
In order to guide the coil over the DLPFC location for each participant, we used a neuronavigation 
procedure, which was performed using the Brainsight system (Rogue Research, Canada) equipped 
with an infrared camera for online subject tracking and coil positioning (Polaris Spectra, NDI, 
Canada). 
After the motor threshold procedure, repetitive TMS was carried out using a continuous theta burst 
stimulation protocol (cTBS) consisting of three pulses at 50 Hz repeated at a frequency of 5 Hz. 
Thus, a total of 600 pulses were delivered over a period of 40 s preceding the start of the task 
(Huang et al. 2005). The stimulus intensities were set at 90% of each participant’s resting motor 
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threshold. TMS was applied with the coil held tangentially to the skull, with the handle pointing 
backward and laterally at a 45-degree angle away from the midline. TMS sessions were performed 
according to the published safety guidelines (Wassermann et al. 1996; Rossi et al. 2009). 
 
EEG acquisition 
The EEG was recorded from 30 scalp electrodes mounted in a BrainCap TMS (BrainProducts, 
Munich, Germany) at the following sites (M-22 Equidistant 32-Channel-Arrangement): Fp1, Fp2, F3, 
F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Fz, Cz, Pz, Iz, FC1, FC2, CP1, CP2, FC5, FC6, 
CP5, CP6, TP9, TP10. Blinks and eye movements were monitored by using two pairs of bipolar 
electrodes placed approximately 1 cm lateral to the left and right external canthi (HEOG) and above 
and below the subject’s right eye (VEOG). Electrode impedances were kept below 10 kΩ using 
conduction gel. AFz and FCz served as ground and reference electrode for online recording. Data 
were band-pass filtered from 0.016 to 250 Hz during recording and digitized with a sampling rate of 
1000 Hz using BrainAmp amplifiers (BrainProducts, Munich, Germany). 
 
 
Analysis of behavioral data 
Accuracy and search reaction times (RTs) for correct trials were grouped into sets of four yielding 
five epochs in order to increase the power of the statistical analyses (Chun and Jiang 1998).  
For accuracy and RTs, we carried out a three-way ANOVAs using contexts (new versus repeated), 
epochs (1-5) and cTBS sites (DLPFC versus vertex) as factors.  
In addition, for RTs, we performed separate two-way repeated measures ANOVAs for each cTBS 
site (i.e., DLPFC, vertex), the factors were contexts (new versus repeated) and epochs (1-5).  
The contextual cueing effect was calculated using the difference in RTs between new and repeated 
contexts (for each epoch). These values were then entered in a two-way repeated measures 
ANOVA with Context (new versus repeated) and epochs (1-5) as factors.  
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We also assessed interindividual variation in implicit contextual learning. For this purpose, the 
contextual cueing effect was calculated as the difference in RTs between new and repeated 
contexts collapsed across epochs 2-5.  
Finally, for the explicit recognition test, a paired-sample t test on hits and false alarms was 
conducted.  
For all analyses the alpha level was set to 0.05. Data are reported as mean ± SD unless stated 
otherwise.  
 
EEG data analysis 
Analysis of the EEG data was performed using EEGLAB 4.51 (Delorme and Makeig, 2004), 
Fieldtrip (Oostenveld et al. 2011) and custom scripts on the MATLAB  8.5 platform (Math-Works, 
Natick, MA, USA). Data were low-pass filtered at 120 Hz and high-pass filtered at 0.2 Hz (FIR filter) 
and downsampled to 500 Hz. For further analysis, epochs from -500 ms before to 800 ms after 
stimulus onset, were extracted. Trials containing non-stereotyped artefacts (e.g., cable movement, 
swallowing) and amplitudes of more than ±100 μV were removed. This led to the rejection of 19.3 % 
trials. Finally, to reduce the remaining artefacts (e.g., eyeblinks, horizontal eye movements, and 
electrocardiographic activity) an extended infomax independent component analysis (ICA) was 
applied on the data using a weight change <10−6 as stop criterion (Bell and Sejnowski 1995), and 
components that reflected signal artefacts were removed from the EEG data. Artefact components 
were identified using visual inspection of their topography, power spectrum, and temporal dynamics. 
Spectral changes in total oscillatory activity (phase-locked and non-phase-locked to stimulus onset) 
were analyzed using the ‘multitaper method’ (Mitra and Pesaran 1999) based on discrete prolate 
spheroidal slepian sequences (Slepian 1978). Time-frequency representations (TFRs) were 
computed using a sliding window (ΔT= 250 ms), applied in steps of 10 ms (-370 ms before to 370 
ms after stimulus onset), with a frequency smoothing (Δf= ±4 Hz; 4–30 Hz), resulting in one taper 
applied to the sliding window. Then, the Fourier transforms of the tapered time windows were 
calculated. To estimate evoked oscillatory activity, we first averaged across trials for each condition 
before computing the spectral estimates. To estimate induced oscillatory activity, we first subtracted 
 10 
from each individual trial the evoked part before computing the spectral estimates. All the presented 
data represent baseline-normalized (-200 to -100 ms) relative changes in power:  
Pow(t,f)normalized = (Pow(t, f ) − Pow( f )baseline) / Pow( f )baseline. 
For statistical testing of differences in spectral power (repeated versus new context; cTBS DLPFC 
versus cTBS vertex), we used a cluster-based permutation test (Maris and Oostenveld 2007). In 
short, a simple dependent-samples t-test was calculated at each time point, frequency bin, and 
channel of the two experimental conditions. Then, all adjacent samples with t-values exceeding a 
preset significance level (5%) were grouped into clusters. The sum of t-values from the cluster with 
the maximum sum was then used as the test statistic. Next, a null distribution of cluster-level t-
statistics was created by randomly shuffling the data across the two conditions using 1000 
permutations. Cluster values greater or smaller than the 97.5th percentile (P < 0.025) were 
considered to be significant. To identify time windows and the frequency range of significant relative 
power differences, we first compared the spectral power between the repeated versus new context 
and then between cTBS DLPFC versus cTBS vertex within the 4 to 100 Hz frequency band and the 
post-stimulus interval from 0 to 370 ms, using a sliding-time window fieldtrip cluster statistic 
(Staudigl and Hanslmayr 2013; Waldhauser et al. 2016). Then, significant time-frequency windows 
were subjected to another cluster-based permutation test to identify significant locations. This 
resulted in a beta frequency range of interest between 13 to 19 Hz and 140 to 370 ms. To test for a 
possible interaction between context and cTBS sites, we first calculated the differences between (1) 
repeated and new contexts in cTBS DLPFC and (2) repeated and new contexts in cTBS vertex. 
Next, we contrasted these differences using a cluster-based permutation test.  
 
Results 
The TMS procedure was well tolerated and all participants completed the study.  
 
Behavioral performance 
Participants were highly accurate (98.3%). Accuracy did not differ between contexts (new versus 
repeated), (F(1,20) = 0.19, P = 0.66), epochs (1-5), (F(4,80) = 1.07, P = 0.37), or cTBS sites 
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(DLPFC versus vertex), (F(1,20) = 0.04, P = 0.84), and there was no significant interaction between 
contexts, epochs and cTBS sites (F(4,80) = 2.00, P = 0.10). In addition, no significant interaction 
was found between contexts and epochs, F(4,80) = 0.88, P = 0.47, contexts and cTBS sites, 
F(1,20) = 3.10, P = 0.09, or epochs and cTBS sites, F(4,80) = 0.01, P = 0.99.  
For RTs, we found a significant three-way interaction between contexts (new versus repeated), 
epochs (1-5), and cTBS sites (DLPFC versus vertex), F(4,80) = 3.48, P < 0.01. To establish the 
source of these interactions, the data from each cTBS site were separately analyzed (Fig. 3A). For 
cTBS DLPFC, the main effect of contexts (new versus repeated) was significant, F(1,20) = 75.28, P 
< 0.001, indicating that search RTs were faster for repeated than for new contexts. There was a 
significant main effect of epochs (1-5), F(4,80) = 43.94, P < 0.0001, indicating that search RTs 
decreased during the task. A significant contexts by epochs interaction, F(4,80) = 8.70, P < 0.0001, 
showed that for cTBS DLPFC, search RTs for repeated contexts decreased more than for new 
contexts. Post hoc analyses using Bonferroni's correction (P < 0.05) indicated that for cTBS 
DLPFC, the mean RT was significantly faster for repeated than for new contexts only during epochs 
2-5.  
For cTBS vertex there was a significant main effect of contexts (new versus repeated), F(1,20) = 
18.81, P < 0.001, indicating that search RTs were faster for repeated than for new contexts. There 
was a significant main effect of epochs (1-5), F(4,80) = 52.51, P < 0.0001, showing that search RTs 
decreased during the task. No significant interaction was found between contexts and epochs for 
cTBS Vertex, F(4,80) = 0.55, P = 0.69. 
The analysis of magnitude of the contextual learning (contextual cueing effect) as a function of 
cTBS sites (DLPFC versus vertex) and epochs (1-5), Fig. 3B, revealed that there was a significant 
main effect of cTBS sites (DLPFC versus Vertex), F(1,20) = 23.04, P < 0.001, indicating that 
contextual learning performance differed between DLPFC and vertex cTBS. Additionally, a 
significant main effect of epochs (1-5) was found F(4,80) = 7.89, P < 0.001, showing that contextual 
learning increased during the task for both cTBS sites. There was a significant interaction between 
the effects of cTBS sites and epochs for implicit contextual learning performance, F(4,80) = 3.48, P 
< 0.05, indicating that cTBS DLPFC effect compared to cTBS vertex was different during the task. 
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Post hoc analyses using Bonferroni's correction (P < 0.05) revealed that the mean of the contextual 
learning performance for cTBS DLPFC was significantly higher than cTBS vertex only during 
epochs 2-5. Importantly, 100% and 72% of the participants showed the contextual cueing effect 
during cTBS DLPFC and cTBS Vertex, respectively (contextual cueing effect estimated across 
epochs 2-5). 
 
Recognition task 
Before the explicit recognition test, participants were asked if they noticed that some displays were 
repeated during the experiment. None of the participants reported noticing the repeated displays. 
For the explicit recognition test, participants recognized repeated contexts as repeated on 27% (hit 
rate) of the cTBS DLPFC trials and this did not differ from the percentage of new contexts 
misidentified as repeated contexts (false alarm), 27% (P = 0.28, Student’s t-test). For the cTBS 
vertex condition, the hit rate was 27% and this did not differ from the false alarm rate, 30% (P = 
0.57, Student’s t-test). The hit rate and the false alarm rate did not significantly differ between the 
two cTBS conditions (P = 1.00, and P = 0.20, Student’s t-test, respectively), Taken together, there 
was no evidence of explicit recognition of repeated contexts, in both conditions.  
 
-------------------------------------------------------------- 
Insert Figure 3 around here 
-------------------------------------------------------------- 
 
Total oscillatory activity 
cTBS DLPFC significantly decreased task-related beta-band activity compared to cTBS vertex, in a 
frequency range of 13-19 Hz and a time window from 140 to 370 ms after stimulus onset (Fig. 4A 
right, B). This effect was restricted to the F3, F4 and P3 channels (cluster-corrected permutation 
test, P = 0.018, Fig. 3B). A time-frequency analysis of significant channels is shown in Fig. 3C. 
There was no significant difference in task-related oscillatory activity between repeated and new 
contexts. The sliding windows analysis did not show significant differences between the repeated 
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and the new contexts in any time window or frequency range (Fig. 4A left). Finally, permutation 
testing did not show an interaction between cTBS sites and contexts in the beta-band (13-19 Hz, 
140-370 ms, cluster-corrected permutation test, P > 0.1). This suggests that cTBS reduced the 
task-related beta-band oscillatory power independently of the contexts.   
 
Induced oscillatory activity 
We investigated induced oscillatory activity to test if the main effect of cTBS on task-related beta-
band activity related to the modulation of non-phase-locked oscillatory responses. As for the total 
oscillatory beta analyses, the induced beta-band activity analyses revealed that F3, F4 and P3 
electrodes showed a significant decrease in beta band power (13-19 Hz, 140-370 ms) in the 
DLPFC cTBS compared to the vertex cTBS (cluster-corrected permutation test, P = 0.022, 
Supplementary Fig. 1A, B). A time-frequency analysis on significant channels is shown in 
Supplementary Fig. 1C. Finally, we conducted cluster-based statistical analyses to evaluate the 
interaction between cTBS sites and contexts in the beta-band (13-19 Hz, 140-370 ms). No 
significant interaction effect was found in the beta frequency range (cluster-corrected permutation 
test, P > 0.10).    
 
-------------------------------------------------------------- 
Insert Figure 4 around here 
-------------------------------------------------------------- 
 
 
Discussion 
 
Although enhanced cognitive control improves goal-directed behavior, there is evidence that 
reduced cognitive control is beneficial for automatic behaviors and implicit forms of learning. The 
DLPFC is thought to exert top-down cognitive control by means of inhibition of automatic (implicit) 
processes. Thus, DLPFC deactivation should significantly facilitate implicit learning. In the present 
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study, we investigated whether reduced cognitive control through DLPFC disruption could enhance 
implicit contextual memory-guided attention. In addition, we investigated whether DLPFC disruption 
and concomitant reduced cognitive control would be reflected in decreased beta-band oscillatory 
activity. As predicted, we found that cTBS applied to the DLPFC led to a robust increase in implicit 
contextual memory performance compared with cTBS applied to the vertex as a control condition. 
Moreover, cTBS over the DLPFC significantly decreased beta-band oscillatory activity (13-19 Hz, 
140-370 ms) at fronto-central channels.  
 
TMS and contextual cueing task 
Our behavioral results were consistent with previous findings (Chun and Jiang 1998; Chun and 
Phelps 1999; Johnson et al. 2007; Manelis and Reder 2012). In the visual search task, participants 
were highly accurate and showed a general RT facilitation for repeated contexts in both cTBS 
conditions. Importantly, as an earlier experiments our results of the recognition task indicated that 
repetition facilitation effect occurs implicitly (Chun and Jiang 1998; Chun and Jiang 2003).   
Our results show that disruption of DLPFC processing using cTBS enhanced implicit contextual 
memory. This result provided a first link between DLPFC and implicit contextual memory-guided 
attention. The observed improvement is in line with previous observations that DLPFC disruption by 
cTBS facilitates implicit recognition (Lee et al. 2013). On a more general level, our finding is 
consistent with previous findings suggesting that disengagement of top-down cognitive control 
through DLPFC deactivation exerts a facilitative effect on implicit processes (Limb and Braun 2008; 
Liu et al. 2012; Amer et al. 2016). Thus, our TMS results support the notion of DLPFC involvement 
in top-down cognitive control through suppression of automatic (implicit) processes (Kübler et al. 
2006; de Manzano et al. 2012), and provide first causal evidence for the interfering role of DLPFC 
on implicit contextual learning.  
In accordance with previous studies investigating the effects of the duration of cTBS on cortical 
inhibition, we observed that implicit contextual learning was significantly higher for cTBS DLPFC 
than vertex cTBS during epochs 2-5. Previous observations showed that cTBS delivered over a 
period of 40 s reduced brain activity few minutes after stimulation and for up to one hour, with a 
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maximum effect at 15 to 40 min after cTBS (Huang et al. 2005).  Thus, the enhanced performance 
we report here may reflect sufficient cortical inhibition since the beginning of epoch 2 (~8 min after 
cTBS) until the end of the task, suggesting that the acquisition of implicit contextual memory can 
happen fast, but top-down cognitive control delays the expression of implicit memory when this task 
is applied in normal conditions.  
In line with previous studies on inter-individual variation in implicit contextual learning (Lleras and 
von Mühlenen 2004; Schlagbauer et al. 2012), our results show that in the cTBS vertex condition 
72% of the individuals showed the contextual cueing effect. On the contrary, in the cTBS DLPFC 
condition 100% of the subjects exhibited the contextual cueing effect. This observation supports the 
notion that inter-individual variation in contextual cueing performance could be explained by the 
degree of pressure on the attentional system exerted by voluntary cognitive control. High cognitive 
control (e. g., an active search strategy) through DLPFC participation competes for attentional 
resources dedicated for processing repeated contexts, abolishing the contextual cueing effect 
(Schlagbauer et al. 2012). Similar results were found when a spatial working memory task was 
combined with the contextual cueing task. In this case, working memory load took away attentional 
resources reducing implicit contextual learning (Manginelli et al. 2012; Annac et al, 2013). 
Importantly, working memory processing is supported by DLPFC (Cohen et al. 1997; Courtney et al. 
1997; Smith et al. 1998).  We assume that top-down cognitive control might narrow the focus of 
attention on target information, and a main part of contextual information remains excluded of both 
the encoding and retrieval processes. Therefore, reduced cognitive control through DLPFC 
disruption may have boosted implicit learning by broadening the scope of attention. This 
mechanism could not only facilitate implicit memory encoding but also later access. Similar 
mechanisms have been proposed to explain the facilitatory effect of reduced cognitive control on 
creativity and problem solving (Amer et al. 2016).        
 
TMS and beta-band activity 
We found that task-related beta-band activity (13-19 Hz, 140-370 ms) at fronto-central channels 
was reduced in cTBS DLPFC compared with cTBS vertex. Our finding is in agreement with a 
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previous study that investigated the after-effect of rTMS over DLPFC on oscillatory responses in 
healthy subjects. Woźniak-Kwaśniewska et al. (2014) observed that low beta-band oscillatory 
responses (14-22 Hz) at frontal electrodes decreased after cTBS over the DLPFC. Since beta and 
gamma oscillations are related to activity of fast-spiking inhibitory interneurons (Cardin et al. 2009), 
decreased beta-band activity could be interpreted as an indicator of reduced cortical inhibition. 
Thus, the reduced beta-band activity we reported here may reflect reduced top-down signaling 
mechanism and consequent diminution of the capacity to produce neural ensemble synchrony 
necessary to enable voluntary cognitive control. 
Several studies indicated that beta-band activity plays an important role in top-down cognitive 
control. Beta-band synchronization between frontal and parietal areas was observed during 
attentional top-down processing but not during bottom-up processing (Buschman and Miller 2007). 
In addition, prominent phase synchronization in the beta-band range between frontal and parietal 
areas was reported during endogenously driven choices in comparison to stimulus driven choices 
(Pesaran et al. 2008). This suggests that beta-band activity is prominent in settings that involve a 
strong top-down cognitive control, whereas reduced beta-band activity is more related to tasks that 
involve exogenous, bottom-up processing (Engel and Fries 2010). In the light of the above findings, 
we suggest that the decreased beta-band oscillatory power observed here may be indicative of 
reduced TMS-induced top-down cognitive control. Therefore, the facilitatory effect of TMS DLPFC 
on implicit contextual learning could be the result of the suppression of top-down, endogenous 
processing and concomitant speeding of bottom-up stimulus-driven processing, necessary for 
encoding and recovering implicit memories. Importantly, our results showed that cTBS reduced the 
beta-band oscillatory power independently of the contexts, suggesting that it exclusively reflects a 
top-down cognitive control mechanism but not implicit memory processes.  
There are some limitations of the current design. First, our study does not allow for the source 
reconstruction of beta-band activity since the EEG was recorded from 30 scalp electrodes, an 
insufficient number of electrodes to provide adequate accuracy in source estimation (Sohrabpour et 
al. 2015; Song et al. 2015). Another potential limitation of this study is that we could not examine if 
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the facilitatory effect of TMS DLPFC on implicit contextual learning occurs in the encoding, retrieval 
or both phases. Future research would benefit from incorporating this issue into the study design. 
In conclusion, our study shows that disruption of DLPFC both significantly improves implicit 
contextual learning and decreased task-related beta-band oscillatory power. To our knowledge, this 
is the first causal evidence that the DLPFC plays an interfering role in implicit contextual memory-
guided attention in the human brain. Furthermore, our study sheds light onto the relationship 
between brain oscillations and implicit memory guided attention and supports the notion that beta-
band oscillatory activity promotes DLPFC-mediated top-down control. Future research is needed to 
determine the specific mechanisms by which DLPFC interacts with the brain systems that support 
implicit contextual memory-guided attention.  
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Figure legends 
Figure 1. Behavioral Task. Example of a block of the contextual cueing task. Each participant 
performed 20 blocks separated by 10 sec. Each block contained 24 randomly interleaved trials of 
12 repeated and 12 new contexts. Each trial began with a central cross presented for 0.5 sec 
followed by a search array which was presented for a maximum of 3 sec or until a response was 
made. Participants were required to indicate by pressing keys on a keyboard whether the target 
letter T was rotated 90°to the left or 90°to the right. A variable duration ITI (0.5 - 1 sec) separated 
subsequent trials. 
 
Figure 2. Definition of the left dorsolateral prefrontal cortex (DLPFC) used as TMS target. The 
DLPFC target was defined by the coordinates (-43, 35, 30) in MNI152 space and transformed into 
each participant's native space for frameless stereotaxy. The arrows indicate the location of the 
DLPFC target shown on a template brain in MNI152 space. 
 
Figure 3. Behavioral performance in the contextual cueing task. A) Mean reaction times (with 
standard error of the mean) for cTBS DLPFC (top) or cTBS vertex (bottom) as a function of epoch 
and context. B) The contextual-cueing effect (with standard error of the mean) as a function of cTBS 
site and epoch.  
 
Figure 4.  Analysis of total oscillatory activity. (A) Results from the two-step time-frequency 
analysis. Time-frequency window (13-19 Hz, 140-370 ms, dashed box) for DLPFC versus vertex 
contrast but not for the repeated versus new context contrast was identified by sliding window 
analyses, and survived a cluster-based permutation test. On the right, the topography of the results 
from the cluster-based dependent t-test randomization procedure over the window of interest (13-19 
Hz, 140-370 ms) for the DLPFC versus vertex contrast is depicted (pcorr < 0.05). Channels 
showing a significant interaction are highlighted. (B) Topographic distribution of significant post-
stimulus beta-band activity (13-19 Hz, 140-370 ms). Topographies are depicted for cTBS DLPFC, 
cTBS vertex, and their differential activity (cTBS DLPFC versus cTBS vertex). (C) Time-frequency 
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representations of total oscillatory activity at F3, F4 and P3 channels. Time-frequency 
representations are depicted for cTBS DLPFC, cTBS vertex, and their differential activity (i.e., cTBS 
DLPFC versus cTBS vertex). Vertical dashed lines indicate stimulus onset. 
 
Supplementary Figure 1. Analysis of the induced oscillatory activity. (A) The topography of the 
results from the cluster-based dependent t-test randomization procedure over the window of interest 
(13-19 Hz, 140-370 ms) for the cTBS DLPFC versus cTBS vertex contrast is depicted (pcorr < 
0.05). Channels showing a significant interaction are highlighted. (B) Topographic distribution of 
significant post-stimulus beta-band activity (13-19 Hz, 140-370 ms). Topographies are depicted for 
cTBS DLPFC, cTBS vertex, and their differential activity (cTBS DLPFC versus cTBS vertex). (C) 
Time-frequency representations of induced oscillatory activity at F3, F4 and P3 channels. Time-
frequency representations are depicted for cTBS DLPFC, cTBS vertex, and their differential activity 
(cTBS DLPFC versus cTBS vertex). Vertical dashed lines indicate stimulus onset. 
 
